Genes are perpetually added to and deleted from genomes during evolution. Thus, it is important to understand how new genes are formed and how they evolve to be critical components of the genetic systems that determine the biological diversity of life. Two decades of effort have shed light on the process of new gene origination and have contributed to an emerging comprehensive picture of how new genes are added to genomes, ranging from the mechanisms that generate new gene structures to the presence of new genes in different organisms to the rates and patterns of new gene origination and the roles of new genes in phenotypic evolution. We review each of these aspects of new gene evolution, summarizing the main evidence for the origination and importance of new genes in evolution. We highlight findings showing that new genes rapidly change existing genetic systems that govern various molecular, cellular, and phenotypic functions.
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BACKGROUND AND HISTORICAL OVERVIEW
Understanding how genes originate and subsequently evolve is crucial to explaining the genetic basis for the origin and evolution of novel phenotypes and, ultimately, biological diversity. Gene origination is thus a widely interesting, yet difficult, problem to study. Perhaps unsurprisingly, the peculiar structures, functions, and evolution of evolutionarily new genes have attracted the interests of pioneers in genetics and evolution since the early twentieth century. Sturtevant (129) was one of the first to identify a duplicated gene, the Bar duplication in Drosophila melanogaster, from which Muller (103) developed the first prevalent model of new gene evolution in 1936. Muller (103, p. 529) predicted that a new duplicate copy of a gene could acquire a novel function and be preserved in the genome, and further that "there remains no reason to doubt the application of the dictum 'all life from pre-existing life' and 'every cell from a pre-existing cell' to the gene: 'every gene from a pre-existing gene.'" This early thinking on single-gene and whole-chromosome duplications (55) was greatly expanded in the 1970s. Ohno (112) further developed Muller's model in 1970, and Gilbert (52) proposed an entirely new model of new gene formation in 1978, whereby pieces of unrelated genes can be recombined into new genes rather than just be strictly duplicated. However, experimental work on new genes did not begin until the early 1990s when a plausible framework for experimental studies of new gene formation and evolution was proposed: studies must focus on genes that were recently formed because young genes still carry all the signatures of the evolutionary forces that shaped their origination and the evolution of their new structures and functions (83) . As genes age, they accumulate mutations that obscure the structural or evolutionary signals from their early history (53, 79) . Genes younger than 10-30 million years have not experienced much sequence evolution and thus constitute a valid system in which to investigate the evolution of new genes and to understand their properties. This idea was first manifested in the discovery of jingwei, a three million-year-old gene in two species of African Drosophila (85) . Jingwei revealed several interesting features of new gene evolution that are now known to be general: (a) recombination of existing genes, leading to a hybrid gene structure; (b) rapid sequence evolution driven by positive selection; and (c) acquisition of new biochemical functions (150, 162) . Today, it is clear that new gene origination is a general process in evolution and that speciesspecific or lineage-specific genes exist in many, if not all, organisms. Gigantic databases of genomic sequences from thousands of species reveal that genomes contain huge numbers and a large diversity of protein-coding genes. For example, the plant Glycine max genome encodes more than 50,000 protein-coding genes, whereas the bacterial genome of Candidatus Hodgkinia cicadicola contains only 189 genes. In addition, the abundance and diversity of non-protein-coding genes is only now beginning to be realized. Even genomes with similar gene numbers can have very different, unrelated genes. These recent data reveal a widespread process of birth and death of genes in organisms in which new genes enter the genome and old genes are lost. What mechanisms and forces dictate gene birth and death? Specifically, how are new genes and novel functions added to genomes?
In the two decades since the discovery of jingwei, there have been several hundred additional publications reporting various interesting and significant observations of new genes and new gene functions in many different organisms. Regrettably, we can only choose a few representative publications to sketch several lines of observation that can provide insight into an emerging, global picture of new gene evolution. We follow the growth of scientific information and underlying ideas and concepts in new gene evolution, beginning by discussing the methods for identifying new genes and mechanistic processes of new gene formation. We then describe the rates and patterns of new gene origination and evolution that may Fixation: the population genetic process by which a mutation spreads to all individuals in a population Monophyletic group: a group of taxa that share a common ancestor indicate some rules governing these processes and discuss the evolutionary forces that act on new genes. Finally, we review the rapid growth of studies of the phenotypic effects of new genes and their impact on phenotypic evolution.
THE CONCEPT OF NEW GENE ORIGINATION
To understand various basic properties of new gene evolution, we need to have some conception of the process of new gene origination and an operational definition for the process. This definition helps us explore methods for new gene identification.
The Process of New Gene Origination
New gene origination is a microevolutionary process. A protogene structure is first generated by a mutation in a single germ-cell genome. This protogene structure must then spread through the population until it is fixed. Various evolutionary forces, such as natural selection and genetic drift, govern the spread of the protogene through the population, thus making protogene fixation a population genetic process. Both before and after fixation, the protogene accumulates mutations that confer on it new structures and beneficial, sometimes novel, functions that are acted on by natural selection. From the point that the protogene carries an optimized function and is fixed in the genome, it is essentially the same as most other, older genes in the genome and can be considered a new gene. New gene studies typically focus on these first two stages (the fixation process and acquisition of a beneficial function) and the consequences of accepted mutations on the sequence, structure, and function of the new gene. As the last section of this review shows, these microevolutionary changes produce macroevolutionary changes in traits such as development and brain function.
Interest 
Approaches to Identifying New Genes
All new gene identification methods are based on comparative analysis of the structures of genes and genomes. Within a group of closely related species, we can define new genes as those that are present in all members of a monophyletic group but absent from all outgroup species (Figure 1) . Early studies often serendipitously identified new genes by analyzing the phylogenetic distribution of genomic DNA Southern blot signals or via characterization of small genomic regions (e.g., 85, 108) . Microarrays (42, 44, 45) and especially nextgeneration sequencing (168, 169) have made recent searches for new genes more purposeful efforts. (Figure 1 ) of genomes can be used to identify new genes from related species for which we know the phylogenetic relationships. Syntenic alignments of each gene in each species allow identification of genes that are present or absent in one genome relative to another (Figure 1) . In these comparisons, a gene can be defined as a new gene candidate if it is present in a certain clade or single species and absent in all outgroup species (Figure 1) . Additionally, the orthologous genes that flank the new gene candidate appear in all species under consideration. This strategy has been used with great success in Drosophila and mammals (35, 168, 169, 172) . New genes formed by different mechanisms also have correspondingly different structural features that can be used to infer the mechanism of new gene formation and the ancestral and derived characters. New genes are defined using syntenic and sequence comparisons between the genomes of a group of related species. (a) The general procedure to identify new genes. The relationship of species S1-S4 is shown by the blue tree. The relationships between the genes G1 ( yellow), G2 (red ), and G3 ( green) are shown within the species tree. Aligning the genomes of species S1-S4 shows that the new gene G2 is present in S1-S3 but absent in S4, indicating that G2 arose in the common ancestor of S1-S3. G2 was thus generated in the genome between old genes G1 and G3 in the common ancestor of S1, S2, and S3 (red star). (b) An example of using syntenic alignments to identify new genes. Sdic exists only in Drosophila melanogaster (110, 160 (144) in primates and specifically humans. Divergence between the new retrogene and the original gene from which the retrogene was derived can be used to define the age of the new genes using a molecular clock. However, both strategies that we have discussed so far can depend on the current annotations, which are biased against the newest genes, so caution must be taken when making claims about the presence/absence of genes in different genomes (167) . 
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MECHANISMS TO FORM NEW GENE STRUCTURES
How are new gene structures formed? Mutation toward a new gene structure is the first step of new gene evolution, and at least a dozen distinct molecular processes are known that contribute to the formation of new genes. These mechanisms are covered in depth elsewhere (65, 84) , so we only briefly touch on them here. We highlight several examples in Figure 2 . 
Alteration of Existing Gene Structures
New gene structures can be generated by modifying existing genes, domains, or exons. Gilbert (52) proposed that exons and domains could be recombined to produce new chimeric gene structures (Figure 2a,b 
De Novo Genes
New gene structures may arise from previously noncoding DNA (Figure 2d ). Chen et al. (24) were the first to show that antifreeze proteins, which bind and halt the growth of ice crystals in the blood of some polar fishes, were created by amplification of previously noncoding microsatellite DNA. Since then, a number of de novo genes originating from noncoding regions have been identified in Drosophila (6, 26, 75, 168, 172) , humans (71, 153, 155, 169) , primates (137) , murine rodents (104), protozoa (159), yeast (17, 21) , rice (154) , and viruses (122) . Similar to strict de novo gene origination, horizontal gene transfer (HGT), the exchange of genes between genomes from distantly related taxa, can immediately add new genes and functions to a genome (Figure 2f ). HGT is a major mechanism for the addition of new genes to prokaryotic genomes (73, 111) but has also been reported in a number of eukaryotic organisms, including plants (8, 161) , insects (102) , and fungi (56) (Figure 2f ).
Noncoding RNAs
Not all new genes code for proteins. Noncoding RNAs were found to play an important role in neuronal functions in the early 1990s (136) . A large number of functional RNAs from noncoding regions have been reported to play vital roles in a wide variety of organisms (7, 80) . MicroRNAs appear to turn over rapidly, but can be strongly influenced by positive selection (89, 90, 109 
New Gene Regulatory Systems
New genes must acquire a specific transcription regulatory system to ensure certain temporal and spatial expression patterns. Betrán et al. promoter by recruiting a novel 5 regulatory sequence. This regulatory sequence drives testisspecific expression of β2-tubulin and appears to still do so for Dntf-2r. In addition, the new retrogene Xcbp1 recruited existing neuron promoters present at its site of integration (29) . This co-opted mode of promoter recruitment is also observed in human retrogenes (144) and may be a general mode for retrogene promoter gain (65) . Additionally, Ni et al. (107) observed that eight new genes essential for Drosophila development evolved binding sites for the CC-CTC binding factor (CTCF) insulator under positive selection, ensuring the delineation of the regulatory domains of these genes.
Transposable Elements
Transposable elements (TEs) can contribute to functional divergence between duplicate genes through several methods, all similar to those described above (12) . For instance, TEs can mediate gene recombination by carrying coding sequences from one part of the genome to another (63, 158) and can even themselves be incorporated into existing coding sequences (46, 88, 106) . In addition, TEs were recently found to be a source of micro-RNAs, which are major components of posttranscriptional regulation of expression (116 (104) . Red boxes are ancestral stop codons (TGA) with two triangles showing the positions of the enabling mutations, including a substitution and a deletion. (e) Two new genes in humans, DAF and mNSCI, were generated by domesticating transposable elements, Alu, and short interspersed elements (B1-B4) (91, 106) . DAF and Alu elements together make an interesting case in which alternative splicing generated a new isoform in the mammalian genome. ( f ) Horizontal gene transfer (HGT) is prevalent in bacteria with mechanisms such as homologous recombination (111) . Antibiotic resistance genes can be acquired by host genomes containing the intl gene (which encodes integrase), a recombination site (att), and a promoter to express the captured gene, as depicted by the process shown in the three panels on the left. 8:56 work in humans and Drosophila suggests that ∼80% of genes are formed by DNA-based duplication, 5% to 10% by de novo duplication, and ∼10% by retroposition (168, 169) . And although these mechanisms may generate the initial gene structures, many new structures (in a large variety of taxa) undergo radical structural renovation to change exon-intron structure and even recruit new or existing coding sequences into the new locus (30, 49, 151, 172) .
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Evolution of Transcription Units
Other than the origination and evolution of the macrostructure of genes described above, it was recently found that the transcription units in the genes of vertebrates have been directionally evolving toward a productive transcription. Almada et al. (1) reported a highly significant linear correlation between the gene age and the critical signals to define transcription units in a gene, including the U1 small nuclear ribonucleoprotein recognition sites and polyadenylation sites (PASs). The observed incremental gain of the U1 sites and gradual loss of PASs in the 5 end of protein-coding genes revealed a selection for a U1-PAS axis for productive transcription.
ABUNDANCE AND ORIGINATION RATES OF NEW GENES
The advent of whole-genome sequences for many organisms allowed identification of many new DNA-based and RNA-based duplicate genes (e.g., 11, 43) . With more genome sequences available, especially in closely related groups such as the twelve Drosophila species (32), it became possible to investigate the rates of new gene origination in particular lineages. We review these findings in Drosophila, mammals, and plants. There have been no reports of new gene origination rates for mechanisms other than DNA-based duplication, RNA-based duplication, de novo origination, and gene recombination. Thus, the rates of new gene origination we highlight should be viewed as serious underestimates.
Drosophila
The first estimate of the rate of new gene origination was made for retrogenes in Drosophila in 2002 by Betrán et al. (11) , who identified ∼150 retrogenes in D. melanogaster (4, 11) The phylogenetic distribution of new gene origination events in (a) Drosophila and (b) vertebrates. These genes were generated by DNA-based duplication, retroposition, and de novo origination (168, 169) . The number of new genes that originated in each time period is shown above the branch. For example, in a, branch 1 shows that 220 genes originated between 36 and 41 Mya in Drosophila. In b, red numbers are new genes that originated in the hominoid branches or specifically in humans.
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Copy Number Variation
Inexpensive whole-genome analysis has also made it possible to identify genes at the very earliest stages of their evolution, before fixation. Abundant copy number variation (CNV) of individual genes has been detected in Drosophila (40, 42, 124) , humans (47), mouse (74) . The large number of new genes segregating in populations is just now beginning to be appreciated and investigated further. An active area of research will be to perform functional and statistical analyses of these new genes to understand their earliest stages of evolution. In all, these studies have shown that new gene origination rates can differ between taxa, yet are appreciable in all groups studied. These results further strengthen the conclusion that new gene origination is a general evolutionary process.
PATTERNS OF NEW GENE ORIGINATION Gene Traffic in Drosophila, Humans, and Other Organisms
With the large number of new genes identified in various organisms, researchers were able to investigate statistical patterns of new gene characteristics to explore the mechanistic and evolutionary forces that impact the formation, origination, and evolution of new genes. Betrán et al. (11) examined the chromosomal distribution of retrogenes and their parental copies in D. melanogaster (Figure 4a) . Surprisingly, these authors found a significant excess of autosomal retrogenes derived from X-linked parental genes (X→A) and a significant deficiency of retrogenes formed in the opposite direction (A→X) or between autosomes 
Figure 4
Retrogene traffic in (a) Drosophila (11, 142) and (b) humans (43) . Each arrow indicates the movement of retrogenes from the parental gene chromosomal location to the retrogene's location. The size of the arrow indicates the intensity of gene movement between chromosomes, and the percentages show quantitatively the excess of movement over the null expectation (random origination and insertion). The functions of the retrogenes are indicated.
(A→A). Bai et al. (4) further revealed that retrogenes derived from autosomal parental copies tend to locate to the same chromosome as the parental copies. However, 42 out of the 43 retrogenes exhibited X→A movement; only one retrogene moved X→X. These two observations clearly reveal a striking pattern of new gene origination in flies: Retrogenes derived from X-linked genes prefer to copy into autosomes. This directional movement of new genes is called gene traffic (43) . These results hold in the 12 sequenced species of Drosophila (100, 142) and in Anopheles gambiae (5, 138) . Interestingly, 90% of X→A retrogenes in D. melanogaster are expressed in testis, a significantly higher proportion of testis-expressed genes than average (11) , suggesting that the retrogene's function (in this case, male-beneficial function) can influence its relocation. The symmetric pattern was observed in silkworm, which has ZW sex determination (females are ZW and males ZZ), whereby genes retroposed from Z→A tend to be ovary expressed (147) . Gene traffic appears to be general in Drosophila for different mechanisms of new gene formation, as Vibranovski et al. (142) also showed that new genes created by DNA-based duplication exhibit the same X→A movement and testis expression. Moreover, the neo-X chromosome, an autosomal chromosome arm that fused to the ancestral X chromosome in the Drosophila genus evolution, also shows the same excess of gene traffic (100, 142) . Relative to Drosophila, human and mouse studies revealed similar yet distinct patterns of gene traffic (43) . Compared with a neutral expectation based on the chromosomal distribution of processed pseudogenes, which are expected to be evolving neutrally, there is an excess of X→A retrogene movement and most X→A retrogenes exhibit testis expression. However, there is also a significant excess of A→X retrogene movement in human, and these A→X retrogenes exhibit either female expression or unbiased expression. A→A movement is very low in humans (43) . The mouse genome shows a very similar pattern. Zhang et al. (166, 168) have shown that these patterns exist for DNA-based duplicates, retrogenes, and de novo genes in Drosophila, humans, and mouse.
Consequences of Gene Traffic for Genome Evolution
If gene traffic has been historically important for genome evolution, the majority of testis-biased/male-biased genes should be 
Models to Interpret the Causes of Gene Traffic
In general, models to explain gene traffic, and experimental evaluation of those models, show that natural selection is a major force governing gene traffic but that mutational processes likely also play a role (38) . Meiotic sex chromosome inactivation (MSCI) in the male germ line (11, 43, 139, 140) , dosage compensation in the heterogametic sex (3, 143) , sexual antagonism between male-and female-beneficial genes (22, 128) , and meiotic drive (131, 132) have all been implicated in driving gene traffic. The relative role of each of these forces has been hotly debated. MSCI has a strong effect in mammals (70) , and experimental evidence for MSCI in Drosophila comes from several studies (59, 139, 140) . Vibranovski et al. (139) showed that genes that are highly expressed in the meiotic phase of spermatogenesis (when the X chromosome is predicted to be inactivated) are significantly enriched on the autosomes. Conversely, genes expressed in the mitotic phases of spermatogenesis are randomly distributed throughout the genome. Other studies suggest reduced expression throughout spermatogenesis, including in the spermatogonia, which also discredits dosage compensation models (99; however, see 141). A clear-cut single cell transcriptome is needed to clarify these issues. Along with the MSCI model, other non-germline-based models, e.g., sexual antagonism, are also necessary to interpret the expression of new genes in the male somatic cells, although these models need to be rigorously experimentally tested.
Correlation Between Gene Age and Expression
Early studies revealed a connection between the expression and the ages of new genes. Betrán & Long (10) showed that Dntf-2r, a ∼10 million-year-old gene in the D. melanogaster subgroup, is expressed only in testis; however, its parent Dntf-2 is expressed ubiquitously. Almost all retrogenes in Drosophila appear to have testis expression (4) and to have maintained testis-biased or testisspecific expression independent of age (50). Vinckenbosch et al. (144) showed that new human retrogenes are often transcribed in testis and later evolve stronger and more diverse spatial expression patterns, coining the "out of the testis" hypothesis. Whether or not the testis is the starting point for new genes, a general survey of the expression patterns for new genes that originated within vertebrates revealed strong positive correlation with the age in both transcription intensity and spatial expression (167) . It is possible that this testis-biased pattern of retrogene expression is due to our inability to detect genes expressed at low levels in different tissues, but this issue should be resolved soon with advances in next-generation sequencing.
EVOLUTIONARY FORCES ACTING ON NEW GENES
Evolutionary forces, such as natural selection and genetic drift, operate on both facets of new gene evolution: the fixation of new gene loci and their acquisition of a beneficial function. These two facets may overlap. In this section, we discuss theoretical models developed to describe how new genes arise and acquire novel functions as well as general approaches to studying new genes and the selective forces that act on them. 8:56 Neofunctionalization: the process by which a new gene acquires a novel function
Selective Models of New Gene Evolution
Muller (103) However, strictly duplicate genes are redundant, and beneficial mutations are extremely rare. How do new duplicate genes remain in the population long enough to accumulate a beneficial, selected mutation(s)? This problem led to the development of models that predict selective preservation of both copies at all stages of their evolution: adaptive radiation (AR), innovation-amplificationdivergence (IAD), and escape from adaptive conflict (EAC). The AR model proposes that gene duplication itself is favored, e.g., for increased dosage of a gene product, and that the new duplicates then undergo functional radiation (48) . Thus, AR posits that novel functions are acquired after duplication. IAD and EAC, in contrast, propose that ancestral loci develop novel beneficial secondary functions before duplication (9, 36) . Under IAD, repeated gene duplication is favored to increase the dosage of the novel secondary function. Different duplicates are then free to optimize the ancestral or novel secondary function, and only the two best copies are retained in the genome. The increase in the number of duplicate genes within the AR and IAD models also provides additional targets for beneficial mutations, thus increasing the probability and speed of functional improvement. EAC predicts that the bifunctional ancestral gene is subject to selection before gene duplication, that adaptive conflict between the ancestral function and the new function constrains improvement of the selected function(s) before duplication, and that adaptive changes and functional improvement occur in the daughter genes after duplication.
For additional information on duplicate gene evolution, see Conant & Wolfe (33) , who suggest that preservation of new genes stems from the co-option of existing functions to serve new purposes, and Walsh (145, 146) , who gives a detailed mathematical description of the models and relative probabilities of neofunctionalization and pseudogenization.
Examples of EAC (36), IAD (105), and AR (48) have been published, and each model has specific predictions for what we should observe if a new gene originated by each process (33) . However, none of these models can be used as a statistical framework for rigorously testing the roles of evolutionary forces in new gene origination. Classic molecular population genetic tests based on nucleotide substitution patterns and allele frequency spectra do provide this framework and have been used extensively to detect selection on new genes. These tests, such as the M-K (McDonald-Kreitman) test (97) and the HKA (Hudson, Kreitman, and Aguade) test (60) , detect elevated rates of amino acid substitutions (M-K) or reduced effective population size (HKA) at loci. In addition, Thornton (135) introduced a coalescent-based model that can be used to test for selection on CNV. The HKA test and Thornton's test compare measurements of nucleotide variation in genes with a distribution of parameter values derived from neutral coalescent simulations. Thus, the M-K, HKA, and Thornton's tests are used to test the classic model. Each of these five models (classic, AR, IAD, EAC, and statistical) predicts that new genes should experience strong natural selection after they are formed. We now discuss some of the evidence indicating that this often appears to be the case. Positive Darwinian selection acting on new genes. (a) Positive selection for the fixation of new retrogenes in Drosophila (124) and humans (123) . The numerator and denominator show the numbers of retrogenes that originate on the autosomes and the X, respectively. Tests based on the M-K framework indicate an excess of fixed X→A retrogenes in both species and strong positive selection for X→A retrogene movement. (b) The jingwei ( jgw) gene in Drosophila (85) . The ratios over the branches are the numbers of nonsynonymous changes over the numbers of synonymous changes, and the ratios in the triangles are the ratios of divergence between the species and the polymorphisms. M-K tests and Ka/Ks ratios indicate strong positive selection acted on jgw shortly after it originated. (c) Selection acted on all Adh-derived chimeric genes in Drosophila (64), as indicated by elevated Ka/Ks ratios.
Fixation of New Genes Within Species and Populations
The first study to identify signatures of selection on a new gene journeying to fixation was performed by Llopart et al. (82) , who analyzed a new variant of the jingwei gene in Drosophila teissieri, which lost its second intron. This D. teissieri-specific intron presence-absence polymorphism exhibits a significant excess of rare alleles and patterns of nucleotide polymorphism that is consistent with moderate natural selection driving the polymorphism to fixation. Selection has also been detected on CNV in D. melanogaster and other organisms. Emerson et al. (42) found a genome-wide pattern consistent with strong purifying selection on all CNV except duplications of whole genes. That is, single-gene duplications are under significantly weaker purifying selection than partial gene duplications or partial or complete gene deletions. Similarly, Schrider et al. (123, 124) showed a significant excess of fixed versus polymorphic retrogene CNV originating from the X chromosome in both Drosophila and humans, indicating that natural selection governs the patterns of retrogene CNV evolution (Figure 5a) .
Overall, these studies show that natural selection can play a key role in driving new genes to fixation. In addition, they highlight the use of classic population genetic tests in determining whether selection acts on new genes during their journeys to fixation.
Selection on Sequence Changes in New Genes
In addition to studies of the evolutionary forces governing the fixation of new genes, many studies have investigated the effects of selection and drift on new gene sequences. Long & Langley (85) showed that the new chimeric gene jingwei in D. teissieri and Drosophila yakuba contains a significant excess of nonsynonymous substitutions compared with nonsynonymous polymorphisms (relative to the ratio of synonymous substitutions to polymorphisms), indicating that amino acid substitutions were rapidly driven to fixation shortly after the origination of jingwei (Figure 5b) . Similarly, Nurminsky et al. (110) showed that a D. melanogaster-specific gene family, Sdic, involved in sperm motility rapidly acquired a new exon-intron structure and testisspecific expression (Figure 1) . Sdic is a chimeric gene composed of a 5 piece of Cdic, encoding a cytoplasmic dynein intermediate chain, and a 3 piece of AnnX, a phospholipid binding protein. This fusion protein underwent rapid structural renovations, including the conversion of a Cdic intron into an exon and an AnnX exon and Cdic intron into a testis-specific promoter. Low levels of sequence polymorphism, preservation of coding potential, and the absence of Sdic in other closely related species suggest that Sdic was rapidly swept to fixation.
These first discoveries sparked searches for general evolutionary patterns in new genes. Jones & Begun (64) searched for common patterns in the evolution of three Adhderived chimeric genes in different lineages of Drosophila. All three new genes quickly accumulated a large number of amino acid replacement substitutions, several at identical amino acid sites, in the Adh-derived region shortly after they arose. Strikingly, Jones & Begun (64) and Shih & Jones (127) showed that different Adh-derived fusion genes often accumulate mutations at the same sites, regardless of to which other gene they have fused (Figure 5c ). In addition, each of the four Adh-derived fusion genes exhibits strong signals of accelerated amino acid substitution using classic population genetic statistical tests (e.g., M-K test).
Some of these observations have recently been borne out by genome-wide studies. Xu et al. (156) surveyed structural differences between more than 600 paralogous pairs of genes in plants and found that most new genes underwent radical changes in exon/intron content and boundaries as well as insertion/deletions. And using molecular population genetic tests, Chen et al. (30) found that young genes in D. melanogaster show strong signals of selection. These authors predicted that ∼25% of amino acid substitutions in young essential genes were fixed by natural selection. In addition, this signal of selection diminishes as genes grow older. Altogether these studies indicate that there are general patterns to new gene evolution: New genes often undergo rapid (or immediate) structural and sequence renovations and expression pattern changes that are driven by strong natural selection.
Analysis of New Gene Structure and Function
In addition to analyses of new gene frequencies and nucleotide changes, many groups have investigated the evolutionary forces acting on new genes by analyzing new gene functions, genomic locations, or expression patterns. This complementary approach has revealed several fundamental patterns of new gene origination. Chen et al. (24) and Cheng & Chen (31) , for example, investigated the antifreeze proteins found in the blood of several orders of Arctic and Antarctic fish. These proteins independently evolved in the different orders, yet they consist of nearly identical tripeptide repeats. These tripeptide repeats were generated de novo by amplification of short nucleotide sequences. These studies showed that similar environmental pressures may favor the generation of genes with similar functions.
In addition, as we showed in the previous section, testis-biased genes are underrepresented on the D. melanogaster and mammalian X chromosome. Diaz-Castillo & Ranz's (38) analysis of the genomic location of genes relative to the position of chromosome domains during spermatogenesis led the authors to alternatively propose that the enrichment of testisbiased retrogenes on the autosomes is caused by an increased availability during spermatogenesis of open chromatin domains that contain testis-expressed genes. This larger target for retrogene integration allows a higher proportion of these retrogenes to acquire testisbiased expression. These general observations of the location of sex-biased genes, and their general movement off of the X chromosome, indicate that differences in expression alone can dictate where in the genome new genes originate. Together, these results show that studies of general patterns of extant gene locations, structures, and expressions can be informative of new gene origination and evolution.
PHENOTYPIC EFFECTS OF NEW GENES
Studying the roles of new genes in phenotypic evolution recently became feasible with the advent of sophisticated genetic tools and molecular techniques as well as significant progress in related areas of important phenotypes in biology. Young genes are often assumed to be dispensable because important functions are thought to require a long evolutionary period to be developed and optimized (76) . However, studies in the past decade have found numerous young genes with important, and sometimes essential, functions at the molecular, cellular, and individual level (27) .
Biochemical Pathways
New genes can generate new biochemical pathways and products if they are enzymes or become enzymes. Zhang et al. (162) showed that jingwei evolved the capacity to catalyze breakdown of long-chain alcohols in D. yakuba and D. teissieri, whereas the parent Adh can only act on short-chain alcohols. In Arabidopsis, Weng et al. (152) and Matsuno et al. (95) demonstrated that three recently evolved new duplicate genes from the P-450 family, Cyp98A9, Cyp98A8, and Cyp84A4, assembled two new biochemical pathways related to phenolic metabolism that are required for pollen development and α-pyrone synthesis.
Gene Expression Networks
New genes can also be quickly integrated into existing gene networks. Chen et al. (30) observed that almost all young essential genes have been assimilated into protein-protein physical interaction networks in Drosophila, and a significant number of these young genes have developed multiple interactions with old genes (Figure 6 ). Integration appears to be driven by natural selection. Several new genes have become new hubs. Analysis of one new gene, Zeus, derived from the DNA-binding protein Caf40 via retroposition (28) , revealed that it retained ∼30% of Caf40's DNA-binding sites. However, in a short evolutionary period New genes integrated into gene networks and reshaped those networks. (a) New yeast genes that originated through duplication-based (blue) and non-duplication-based (red ) mechanisms since the recent whole-genome duplication (<100 Mya) were integrated into the physical interaction network (18) . The orange box highlights a module composed of two new genes involved in the pathway to form and process actin. DID4 ( green box) interacts with 13 new genes within a few steps. (b) New genes form hubs in protein-protein interaction networks (30) . (c) The Drosophila melanogaster-Drosophila simulans-specific gene Zeus quickly accumulated more than 100 amino acid substitutions in its nucleotide-binding domains under positive selection. Consequently, it evolved into a new DNA-binding motif that evolved hundreds of new gene links to rewire the gene networks that control reproduction (28) . 8 (77) showed that a de novo gene in yeast can suppress a previously existing mating type-control pathway, thus rewiring the structure of gene networks in the species. Capra et al. (18) revealed that new genes in yeast become more integrated into cellular networks over time. The modified networks are not necessarily novel or unimportant, either: Konikoff et al. (72) found that genes have been continually added and removed from the Wnt and TGF β-signaling pathways, ancient networks involved in animal development.
Development
Surprisingly, new genes can quickly acquire essential roles in development. Chen et al. (30) identified 59 genes that originated in the past ∼35 million years in Drosophila that evolved essential developmental functions. Silencing expression of these young genes causes development failure in early to late pupae and in some cases at even earlier stages (Figure 7a,b) . Furthermore, tissue-specific knockdown of these young genes can cause morphological defects in adult flies. Silencing new genes can also have a critical effect on reproduction, even when the individual can complete development. The duplicate gene nsr (novel spermatogenesis regulator) exists only in the four species of the D. melanogaster clade that diverged 3 Mya, yet it evolved an essential function required for sperm individualization (39) . Similarly, silencing Zeus, a gene in the same group of Drosophila, causes sterility by disrupting testis and sperm development (28) .
Recent work on Umbrea, a 12-15 millionyear-old gene in Drosophila, carefully dissected the evolutionary steps this young gene took to becoming essential in D. melanogaster (121) . Umbrea arose by DNA-based duplication of heterochromatin protein 6 (HP6) 12-15 Mya. Subsequent loss of one of its two domains (the chromodomain) and the accumulation of protein coding changes in the remaining chromoshadow domain gave Umbrea a distinct chromatin localization pattern at the centromere. Umbrea appears to have become essential only after it lost the chromodomain 5-7 Mya. Careful molecular dissection, ancestral protein resurrection, and population genetic analyses are the keys to understanding the processes and time new genes take to acquire important roles in organisms.
Brain Evolution in Flies and Humans
Chen et al. (29) investigated the expression patterns of new genes in Drosophila and found that approximately five new genes per million years evolved brain expression patterns, mostly in structures involved in olfaction and learning/memory. All new brain genes are expressed in the α/β lobe, an evolutionarily new set of neurons, implicating new genes in the evolution of this brain structure. Some of the new brain genes have significant effects on the behavior. For example, Xcbp1 and Desr influence foraging behaviors (29) , and sphinx influences courtship behaviors (34) . The frequent acquirement of new brain genes into the genome and the behavioral phenotypes of some of these genes suggested rapid evolution of behaviors, which is consistent with the remarkable observations of Rollman et al. (120) that detected a great variation in the the olfactory behavioral response associated with odorant receptor gene duplicates within the natural population of D. melanogaster. The incorporation of new genes into the brain is not specific to Drosophila. Zhang et al. (166) found a correlation between new genes and brain evolution in the human lineage. A high proportion of hominoid-specific and human-specific genes are expressed in the prefrontal cortex and temporal lobe, the newest brain structures, in early fetal development. Strikingly, 54 of 380 human-specific genes are expressed in these two brain regions, regions that are critical for proper cognitive function. One of these genes, SRGAP2, is involved in neocortical development (23, 37 The essential effects of new genes on development. (a) Development was terminated at the final stage when three different genes were knocked down using RNA interference (RNAi). (b) YLL1 originated in the common ancestor of the Drosophila melanogaster subgroup species ∼6-10 Mya, yet showed lethal effects in the pupal stage when silenced by RNAi, mutated by EMS, or disrupted by the P element (30) .
Sexual Dimorphism and Sexual Reproduction
New genes impact sexual dimorphism by participating in the genetic systems that control sexual reproduction and sex determination (87) .
As the aforementioned patterns of new gene origination show, the vast majority of new genes are sex-biased, especially male-biased, and their origination processes show directional copying between the sex chromosomes and autosomes (e.g., 11, 43 (160) , and spermatogenesis in Drosophila (nsr) (39) . The ability of new genes to be incorporated into such conserved pathways, networks, and developmental programs warrants considerable further study. What specific roles can new genes play, and what characteristics of new genes enable them to become essential components of these processes so quickly? New genes now appear to be potent drivers of phenotypic evolution and the genetic control of important biological processes, and show that organismal development and organ development have evolved species-specific and lineage-specific components. Understanding the evolution and modification of these components through the incorporation of new genes is a crucial to further research.
CHALLENGES FOR THE FUTURE
It is apparent that we have just a glimpse of the emerging world of new genes and that these genes play crucial roles in the rapid evolution of the genetic systems that govern biological diversity. Questions about new gene evolution have opened many doors to both our understanding of existing diversity and to new research. For example, most studies have examined new genes generated from a few mechanisms, e.g., duplication and de novo origination, leaving open a vast array of mechanisms to be investigated. Continued efforts will be invaluable for understanding the abundance of new genes, the mechanisms that have been neglected so far, and even new gene evolution in nonmodel organisms. An outstanding challenge is to understand the roles of new genes in the evolution and biology of phenotypes, and the studies we have highlighted have left important, unresolved questions to be answered. For example, what evolutionary forces drive gene traffic? How do new genes evolve essential developmental functions, and how quickly? How is CNV driven to fixation, and when do CNVs acquire novel functions? How are important structures, such as the human brain, able to incorporate new gene functions, and how do new genes contribute to novel cognitive function? Future studies of more, diverse phenotypes will help shed light on the general patterns and modes of new gene evolution and on the influence of new genes on evolving systems. In addition, understanding how phenotypes rapidly evolve will require a deep understanding of the underlying local and global gene networks. This will be a tremendous challenge, ranging from the experimental deciphering and graphic description of the gene networks to a valid comparative analysis of the ancestral and derived networks shaped by new genes and eventually to the causal relationship of the altered networks with the evolution of phenotypes.
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